Abstract: Petrophysical properties including pore structure and permeability are essential for successful evaluation and development of reservoirs. In this paper, we use casting thin section and mercury intrusion capillary pressure (MICP) data to investigate the pore structure characterization, permeability estimation, and fractal characteristics of Carboniferous carbonate reservoirs in the middle blocks of the eastern margin of the Pre-Caspian Basin. Rock casting thin sections show that intergranular and intragranular dissolution pores are the main storage spaces. The pore throats greater than 1 µm and lower than 0.1 µm account for 47.98% and 22.85% respectively. A permeability prediction model was proposed by incorporating the porosity, Swanson, and R 35 parameters. The prediction result agrees well with the core sample data. Fractal dimensions based on MICP curves range from 2.29 to 2.77 with an average of 2.61. The maximum mercury intrusion saturation is weakly correlated with the fractal dimension, while the pore structure parameters such as displacement pressure and median radii have no correlation with fractal dimension, indicating that single fractal dimension could not capture the pore structure characteristics. Finally, combined with the pore types, MICP shape, and petrophysical parameters, the studied reservoirs were classified into four types. The productivity shows a good correlation with the reservoir types.
Introduction
Carbonate reservoirs play an important role in the world's oil and gas distribution. Its oil and gas account for about 50% of the world's total oil and gas reserves and more than 60% of the world's total oil and gas production [1, 2] . The reservoirs of many important oil and gas producing areas in the world are mainly carbonate rocks. The Caspian Basin located at the north of the Caspian Sea is one of the largest oil and gas-bearing basins [3, 4] . The Carboniferous carbonate reservoirs of the eastern part of the Pre-Caspian Basin are favorable petroleum reservoirs [5] . Carbonate reservoirs are commonly characterized by high heterogeneity due to a variety of storage space combinations [6] . Petrophysical properties including micro pore structure, macro porosity, and permeability are essential for successful evaluation and development of reservoirs [7, 8] . Therefore, it is necessary to study the In this paper, Section 2 includes geological setting, experimental methods and determination of fractal dimension using MICP. Section 3 presents the results and discussion of pore types and space, petrophysical characteristics, permeability estimation, fractal dimension, and reservoir classifications. Section 4 defines the main conclusions.
Materials and Methods

Geological Setting
The Pre-Caspian Basin, which is located in the north of the Caspian Sea, and underlies parts of Russia and Kazakhstan [12, 14] , is one of the world's largest oil and gas basins with an area of more than 500,000 km 2 . It extends in the east-west direction, with a length of one thousand km and a maximum width of 650 km. The contour is approximately elliptical. It is a basin rich in oil and gas, but with a low degree of exploration. In the tectonic division, the Pre-Caspian Basin belongs to the southeastern part of the Eastern European platform. The northern and western parts of the basin are adjacent to the Paleozoic carbonate rock platform in the Volga-Ural Basin in the southern part of Eastern Europe. The northern and western parts of the basin are adjacent to the Hercynian fold belt (including the Southern Ural, Nanba, and Karakul etc.). The east is bordered by the Ural Haixi fold belt, the southwest is bordered by the Enba uplift and the southwest is bordered by the Karpinsky Haixi fold belt.
The Middle Block of the eastern margin of the basin is located in the Aktobe state. It is also located in the transitional zone between the Astrakhan-Akchubin central uplift and the Primm Gordgar ancient depression, which is the uplift of the Primm Gordgar Late Paleozoic. The Middle block is an important pointing zone for oil and gas migration, and the regional structural position is very favorable. Figure 1 shows the location of the study area. petrophysical characteristics, permeability estimation, fractal dimension, and reservoir classifications. Section 4 defines the main conclusions.
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Geological Setting
The Middle Block of the eastern margin of the basin is located in the Aktobe state. It is also located in the transitional zone between the Astrakhan-Akchubin central uplift and the Primm Gordgar ancient depression, which is the uplift of the Primm Gordgar Late Paleozoic. The Middle block is an important pointing zone for oil and gas migration, and the regional structural position is very favorable. Figure 1 shows the location of the study area. According to the drilling data of the block and surrounding oil and gas fields, the basin can be basically divided into the combination of carbonate and clastic rocks in the Lower DevonianCarboniferous and Lower Permian, gypsum salt rock of Konggu Formation in the Lower Permian, and the Upper Permian-Triassic clastic rock deposit and the Jurassic-Cretaceous combination. The Mesozoic and the Upper Permian strata are clastic and dominated by sand and mudstone, and the Lower Permian pore-valley terrace is a set of salt rock strata, which was high-speed deposited. The distribution and thickness of salt rocks vary greatly. The Carboniferous in the Middle Block can be divided from top to bottom into carbonate and gypsum salt beds of KT-1 Formation, clastic rock of MKT Formation, carbonate rocks and a few mudstone of KT-2 Formation, as well as multi-Neixiqian According to the drilling data of the block and surrounding oil and gas fields, the basin can be basically divided into the combination of carbonate and clastic rocks in the Lower Devonian-Carboniferous and Lower Permian, gypsum salt rock of Konggu Formation in the Lower Permian, and the Upper Permian-Triassic clastic rock deposit and the Jurassic-Cretaceous combination. The Mesozoic and the Upper Permian strata are clastic and dominated by sand and mudstone, and the Lower Permian pore-valley terrace is a set of salt rock strata, which was high-speed deposited. The distribution and thickness of salt rocks vary greatly. The Carboniferous in the Middle Block can be divided from top to bottom into carbonate and gypsum salt beds of KT-1 Formation, clastic rock of MKT Formation, carbonate rocks and a few mudstone of KT-2 Formation, as well as multi-Neixiqian sandstone and mudstone beds in the middle and lower part of the Uyxian Stage. The detailed information is depicted in Figure 2 .
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Figure 2.
Characteristics of Carboniferous strata the study area.
Experiment Methods
Thirty two plunger samples were carried out for porosity, permeability, and MICP measurements. The plunger has dimensions of diameter of 2.5 cm and length of 4 cm. The porosity and permeability are measured with a helium porosimeter. Before measurements, plugs were subjected to oil and salt washing and drying. After porosity and permeability measurements, the plunger samples were subjected to drying at 100 o C until the weight remained constant. Then, MICP data were determined with a mercury porosimeter. The minimum and the maximum intrusion pressure were denoted as 0.0035 MPa and 200 MPa, respectively. The 200 MPa of intrusion pressure guarantees the mercury can enter a small pore-throat, whose radius is low at roughly 3.7 nm. In addition, many samples for rock casting thin section analysis were drilled from four wells. These samples almost cover all the depths of KT-I and KT-II formation, which make this study more accurate.
Fractal Dimension
According to fractal geometry theory, if the pore space of a rock obeys the fractal structure, the pore radius r and the number of pores with a radius larger than r would follow a power-law function [31] : 
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Thirty two plunger samples were carried out for porosity, permeability, and MICP measurements. The plunger has dimensions of diameter of 2.5 cm and length of 4 cm. The porosity and permeability are measured with a helium porosimeter. Before measurements, plugs were subjected to oil and salt washing and drying. After porosity and permeability measurements, the plunger samples were subjected to drying at 100 • C until the weight remained constant. Then, MICP data were determined with a mercury porosimeter. The minimum and the maximum intrusion pressure were denoted as 0.0035 MPa and 200 MPa, respectively. The 200 MPa of intrusion pressure guarantees the mercury can enter a small pore-throat, whose radius is low at roughly 3.7 nm. In addition, many samples for rock casting thin section analysis were drilled from four wells. These samples almost cover all the depths of KT-I and KT-II formation, which make this study more accurate. 
Fractal Dimension
According to fractal geometry theory, if the pore space of a rock obeys the fractal structure, the pore radius r and the number of pores with a radius larger than r would follow a power-law function [31] :
where r and N(>r) are pore radius and the number of pores with radius larger than r and r max is the maximum pore radius, P(r) is the distribution density function of the pore radius, α is a proportionality constant, D is the fractal dimension.
Based on some assumptions and transformation, the following equation was derived [31, 42] :
where S v is the cumulative volume fraction of pores with a radius smaller than r. According to Washburn [20] , mercury injection pressure and pore throat radius obey the following relationship:
where Pc is the capillary pressure, σ is the surface tension, and θ is the contact angle of mercury in air. Combining Equations (2) and (3) and the basic principle of MICP, the follow equation is obtained:
where S Hg is mercury saturation; P cmin is the minimum of the capillary pressure. By taking the logarithm on both sides on the above equation, the following relationship was obtained [43] :
For each sample, there is a series of (P c , S Hg ) values. Thus, the fractal dimension can be determined by using MICP data.
Results and Discussion
Pore Spaces and Types
Similar to the carbonate reservoir in other study areas [44] , the pore space of carbonate rocks in this study area is divided into three types: pores, fractures, and caves. The Carboniferous carbonate granular rocks in the study area all have cements. Some of the rocks have intergranular residual pores due to insufficient cementation while some of the rocks have intergranular dissolution pores formed by later-stage dissolution of mud-crystal or columnar bright-crystal cement between the particles. The two types of pores mentioned above could be called intergranular pore. This is the main pore type in the Carboniferous reservoir, of which the visible porosity is between 0.2% and 18%. The intergranular dissolution pores are mainly distributed in the A3, Г layer, and the Д layer, which indicate good pore connectivity, and strong storage capacity of oil and gas (Figure 3 ). In the Г layer, granular limestone particles are coarse, the pore size is large in scale, and the connectivity is good. While particles in the Д layer are relatively fine, the size of the intergranular pores is relatively smaller, and the connectivity is relatively poorer. (2) Intragranular dissolution pores
The intragranular dissolution pores are the pores that are formed by the later dissolution within the particles, such as ooids, biological debris, and sands ( Figure 4 ). Pores in which the particles or grains are completely dissoluted but still retain the original particle or grain shape are called moldic pore. The pores formed in the body cavity of the biological granular which due to decay or erosion of the body are called intrafosill pores. In addition, there are a small number of intraskeletal pores. All of these pores are referred to as intragranular pores, which are also important pore types of the Carboniferous reservoirs in the North Truva.
The intrafosill, intragranular dissolution, and moldic pores are more developed in the carboniferous system of the North Truva structure. The visible porosity of the thinsection in which the intrafossil pores developed is between 0.1% and 15%, with an average of about 2%. The visible porosity of the thin section in which the intra-granular dissolution pores developed is between 0.2% and 15%, and with an average of about 2%. The visible porosity of the thin section in which moldic pores developed ranges from 0.1% to 35%, and the average value is about 5%. The larger the visible porosity is, the better the reservoir property. The intragranular dissolution pores are the pores that are formed by the later dissolution within the particles, such as ooids, biological debris, and sands ( Figure 4 ). Pores in which the particles or grains are completely dissoluted but still retain the original particle or grain shape are called moldic pore. The pores formed in the body cavity of the biological granular which due to decay or erosion of the body are called intrafosill pores. In addition, there are a small number of intraskeletal pores. All of these pores are referred to as intragranular pores, which are also important pore types of the Carboniferous reservoirs in the North Truva.
The intrafosill, intragranular dissolution, and moldic pores are more developed in the carboniferous system of the North Truva structure. The visible porosity of the thinsection in which the intrafossil pores developed is between 0.1% and 15%, with an average of about 2%. The visible porosity of the thin section in which the intra-granular dissolution pores developed is between 0.2% and 15%, and with an average of about 2%. The visible porosity of the thin section in which moldic pores developed ranges from 0.1% to 35%, and the average value is about 5%. The larger the visible porosity is, the better the reservoir property. The pores existing among the euhedral dolomite, subhedral dolomite or calcite grains are intercrystal ( Figure 5 ). The void areas formed by the dissolution of the soluble components such as residual calcite or gypsum between the dolomite crystals are intercrystal dissolution pores. The visible porosity of the thin section, the intercrystal pore, is between 2% and 15%. They are mainly concentrated in the dolomite of the Carboniferous Б1 layer. They can be also observed in the Д layer. The pores existing among the euhedral dolomite, subhedral dolomite or calcite grains are intercrystal ( Figure 5 ). The void areas formed by the dissolution of the soluble components such as residual calcite or gypsum between the dolomite crystals are intercrystal dissolution pores. The visible porosity of the thin section, the intercrystal pore, is between 2% and 15%. They are mainly concentrated in the dolomite of the Carboniferous B1 layer. They can be also observed in the Д layer. The pores existing among the euhedral dolomite, subhedral dolomite or calcite grains are intercrystal ( Figure 5 ). The void areas formed by the dissolution of the soluble components such as residual calcite or gypsum between the dolomite crystals are intercrystal dissolution pores. The visible porosity of the thin section, the intercrystal pore, is between 2% and 15%. They are mainly concentrated in the dolomite of the Carboniferous Б1 layer. They can be also observed in the Д layer. Fractures are important percolating channels for the reservoirs. According to the core observation and the casting thin section, the North Truva Carboniferous cracks mainly include four types: dissolution fracture, tectonic fracture, stylolite fracture, and grain cracks ( Figure 6 ). These cracks not only have a certain impact on the reservoir storage, but also have a significant effect on connecting pores and improving reservoir permeability. They are also conducive to the development of dissolution holes, thus forming a unified pore, hole, and fracture system and further improving the reservoir permeability of the reservoir. Fractures in the upper part of the KT-1 layer develop more than other locations.
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Fractures
Fractures are important percolating channels for the reservoirs. According to the core observation and the casting thin section, the North Truva Carboniferous cracks mainly include four types: dissolution fracture, tectonic fracture, stylolite fracture, and grain cracks ( Figure 6 ). These cracks not only have a certain impact on the reservoir storage, but also have a significant effect on connecting pores and improving reservoir permeability. They are also conducive to the development of dissolution holes, thus forming a unified pore, hole, and fracture system and further improving the reservoir permeability of the reservoir. Fractures in the upper part of the KT-1 layer develop more than other locations. The core of the CT-4 well was found to have 1742 caves with an area of 272,583 mm 2 . They are mainly distributed in the dolomite section of the A 3 and B 1 layer (Figure 7) . The cumulative number of caverns in this layer is 1712, indicating that the dissolution of this section is very developed. 
Petrophysical Characteristics and MICP Data
Porosity, permeability, and related parameters derived from MICP curves of 32 samples are listed in Table 1 . Porosity ranges from 4.67% to 32.4% with an average value of 13.71%. Permeability ranges from 0.002 mD to 349 mD. Among them, the permeabilities of 10 samples are lower than 1 mD. The geometric mean value of the permeability is 4.07 mD.
The MICP curves are shown in Figure 8 . The red and blue curves in the lower position of this figure represent the samples with relatively good pore structure as the displacement pressure and saturation median pressure are smaller. The middle parts of these curves are concave. In contrast, the black and green curves in the upper position of this figure have much bigger displacement pressure and saturation median pressure. The middle parts of the black and green curves are straight instead of concave, demonstrating a relatively poor structure. The pressure at which mercury first enters the sample (after the mercury has filled any surface irregularities on the sample) is termed the displacement pressure (Pd) [2, 45] . It is commonly inferred from the injection pressure at 10% saturation [46] . The Pd can be calculated for the largest pore throat radius. According to Equation (1), the smaller the Pd value, the bigger the largest pore throat radius.
The Pd values of the studied samples range from 0.05 MPa to 41.39 MPa with an average of 1.75 Mpa. Saturation median pressure (Pc50) refers to the intrusion pressure when the non-wet phase saturation is 50% [2, 45] . It varies in the range of 0.14 to 120. 
The MICP curves are shown in Figure 8 . The red and blue curves in the lower position of this figure represent the samples with relatively good pore structure as the displacement pressure and saturation median pressure are smaller. The middle parts of these curves are concave. In contrast, the black and green curves in the upper position of this figure have much bigger displacement pressure and saturation median pressure. The middle parts of the black and green curves are straight instead of concave, demonstrating a relatively poor structure. 
The Pd values of the studied samples range from 0.05 MPa to 41.39 MPa with an average of 1.75 Mpa. Saturation median pressure (Pc50) refers to the intrusion pressure when the non-wet phase saturation is 50% [2, 45] . It varies in the range of 0.14 to 120. The pressure at which mercury first enters the sample (after the mercury has filled any surface irregularities on the sample) is termed the displacement pressure (P d ) [2, 45] . It is commonly inferred from the injection pressure at 10% saturation [46] . The P d can be calculated for the largest pore throat radius. According to Equation (1), the smaller the P d value, the bigger the largest pore throat radius. The P d values of the studied samples range from 0.05 MPa to 41.39 MPa with an average of 1.75 Mpa. Saturation median pressure (P c50 ) refers to the intrusion pressure when the non-wet phase saturation is 50% [2, 45] . It varies in the range of 0.14 to 120.64 MPa with an average of 5.81 MPa. Median radii (R c50 ) are between 0.01 µm and 5.15 µm and with an average of 1.76 µm. The maximum Energies 2019, 12, 78 10 of 17 mercury intrusion saturation (S max ) of the samples ranged from 69.32% to 98.76%, with an average of 92.11%. The maximum intrusion pressure is 200 Mpa, corresponding to 3.7 nm of pore throat radius. This indicates that 92.11% of the pore radius is greater than 3.7 nm.
According to Equation (2), we calculated the pore size distribution for each sample. We defined the pore with a pore-throat radius greater than 1 µm as large pore, the pore with a pore-throat radius in the 0.1-1 µm as medium pore, and the pore with a pore-radius less than 0.1 µm as small pore. As can be seen in Table 1 , the three types of pores account for 47.98%, 29.17%, and 22.85%, respectively. 
Estimation of Permeability
In order to predict permeability, we calculated the R 35 and Swanson parameters (see Table 1 ) as they are commonly used in the permeability prediction. The R 35 which is the calculated pore throat radius corresponding to a mercury saturation of 35% contributes greatly to the rock permeability [23, 47] . An empirical relationship between porosity, permeability, and R 35 published by Kolodzie [23] , known as the Winland model, is expressed as: log(R 35 ) = 0.732 + 0.588 log(K) − 0.864 log(φ)
The Swanson parameter defined by Swanson [24] is the maximum of the ratio of mercury saturation to the corresponding pressure, denoted as (
The plot of (
) max and S hg resembles a downward opening parabola. The inflection point of the curve is known as the Swanson parameter. Before the inflection point occurs, the non-wetting phase occupies an effective interconnected pore space; after the inflection point, the non-wetting phase begins to enter a finer pore space or irregular pores, the flowability of the non-wetting phase is significantly reduced. The Swanson parameter is also correlated to the permeability of sandstone and carbonate samples. The Swanson permeability model is [24] 
where a and b are regression coefficients, varying with study area and lithology.
The relations between the permeability and porosity, Swanson, R 35 are shown in Figure 9 . The coefficients of determination are lower than 0.8, which is not high enough to predict permeability. The Swanson parameter defined by Swanson [24] is the maximum of the ratio of mercury saturation to the corresponding pressure, denoted as Before the inflection point occurs, the non-wetting phase occupies an effective interconnected pore space; after the inflection point, the non-wetting phase begins to enter a finer pore space or irregular pores, the flowability of the non-wetting phase is significantly reduced. The Swanson parameter is also correlated to the permeability of sandstone and carbonate samples. The Swanson permeability model is [24] where a and b are regression coefficients, varying with study area and lithology.
The relations between the permeability and porosity, Swanson, R35 are shown in Figure 9 . The coefficients of determination are lower than 0.8, which is not high enough to predict permeability. In this study, combined the porosity, R35 and Swanson parameters, we established a new model to accurately predict permeability as: In this study, combined the porosity, R 35 and Swanson parameters, we established a new model to accurately predict permeability as:
The cross plot of predicted and measured permeability are shown in Figure 10 . As seen from this figure, the coefficient of determination is improved to 0.834 and the data dots are distributed near the 100% agreement lines.
The cross plot of predicted and measured permeability are shown in Figure 10 . Figure 11 is an example of the determination of the fractal dimension of sample 12 by using the above method. As can be observed in this figure, the slope of the regression equation is −0.51, thus, D is determined as 2.49. In addition, the coefficient of determination is high at 0.99, indicating the fractal nature of the pore space of sample 12. The fractal dimensions of the studied samples are listed in Table 1 . D varies from 2.29 to 2.77, with an average of 2.61. Sample 17 has the largest fractal dimension, while sample 7 has the smallest value. However, the permeability of sample 17 is higher than that of sample 7. This is not consistent with previous knowledge that the fractal dimension is smaller if the pore structure is good [29, 43] . In fact, maximum mercury intrusion saturation Smax is weakly correlated with the fractal dimension, the coefficient of determination is 0.359 (Figure 12a) . Also, Figure 12b shows the logarithmic relationship of fractal dimension and wetting saturation, i.e., 1-Smax. This is consistent with the observation by Ghanbarian-Alavijeh and Millan [48] . The other petrophysical parameters are not correlated with fractal dimension, as is seen in Table 2 . This may be attributed to the fact that the single fractal dimension could not capture pore structure characteristics. We will conduct multifractal analysis for the pore structure to further investigate the carbonate reservoir property in the future. Figure 11 is an example of the determination of the fractal dimension of sample 12 by using the above method. As can be observed in this figure, the slope of the regression equation is −0.51, thus, D is determined as 2.49. In addition, the coefficient of determination is high at 0.99, indicating the fractal nature of the pore space of sample 12.
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The cross plot of predicted and measured permeability are shown in Figure 10 . As seen from this figure, the coefficient of determination is improved to 0.834 and the data dots are distributed near the 100% agreement lines. Figure 11 is an example of the determination of the fractal dimension of sample 12 by using the above method. As can be observed in this figure, the slope of the regression equation is −0.51, thus, D is determined as 2.49. In addition, the coefficient of determination is high at 0.99, indicating the fractal nature of the pore space of sample 12. The fractal dimensions of the studied samples are listed in Table 1 . D varies from 2.29 to 2.77, with an average of 2.61. Sample 17 has the largest fractal dimension, while sample 7 has the smallest value. However, the permeability of sample 17 is higher than that of sample 7. This is not consistent with previous knowledge that the fractal dimension is smaller if the pore structure is good [29, 43] . In fact, maximum mercury intrusion saturation Smax is weakly correlated with the fractal dimension, the coefficient of determination is 0.359 (Figure 12a) . Also, Figure 12b shows the logarithmic relationship of fractal dimension and wetting saturation, i.e., 1-Smax. This is consistent with the observation by Ghanbarian-Alavijeh and Millan [48] . The other petrophysical parameters are not correlated with fractal dimension, as is seen in Table 2 . This may be attributed to the fact that the single fractal dimension could not capture pore structure characteristics. We will conduct multifractal analysis for the pore structure to further investigate the carbonate reservoir property in the future. The fractal dimensions of the studied samples are listed in Table 1 . D varies from 2.29 to 2.77, with an average of 2.61. Sample 17 has the largest fractal dimension, while sample 7 has the smallest value. However, the permeability of sample 17 is higher than that of sample 7. This is not consistent with previous knowledge that the fractal dimension is smaller if the pore structure is good [29, 43] . In fact, maximum mercury intrusion saturation S max is weakly correlated with the fractal dimension, the coefficient of determination is 0.359 (Figure 12a) . Also, Figure 12b shows the logarithmic relationship of fractal dimension and wetting saturation, i.e., 1-S max . This is consistent with the observation by Ghanbarian-Alavijeh and Millan [48] . The other petrophysical parameters are not correlated with fractal dimension, as is seen in Table 2 . This may be attributed to the fact that the single fractal dimension could not capture pore structure characteristics. We will conduct multifractal analysis for the pore structure to further investigate the carbonate reservoir property in the future. 
Reservoir Classifications
According to the above pore space types, porosity, permeability, and MICP curves, we divided the samples into four types: Types I, II, III, and IV. We did not take the fractal characteristics into consideration as they could not effectively capture the reservoir property. In Figure 8 , the red, blue, black, and green curves represent Types I, II, III, and IV, respectively. The typical MICP curves and pore throat distribution for each type are shown in Figure 13 . The pore space types and related petrophysical parameters for each type are listed in Table 3 . The type I reservoir has the largest porosity, permeability, median radius, and smallest displacement pressure. It has the best pore structure characteristic, while Type IV reservoir holds the worst pore structure characteristic. However, the average porosity of Type IV is larger than that of Type III. This may be attributed to the sample number of the two types being less than that of Types I and II.
We carried out statistics on the oil production of different reservoir types. The reservoir type has a good correlation with productivity. For types I, the daily oil production is greater than 150 t. The daily oil production for types I and II are between 100 and 150 t, less than 100 t, respectively. Reservoir IV cannot produce oil. This proves the validity and reliability of reservoir classification. 
According to the above pore space types, porosity, permeability, and MICP curves, we divided the samples into four types: Types I, II, III, and IV. We did not take the fractal characteristics into consideration as they could not effectively capture the reservoir property. In Figure 8 , the red, blue, black, and green curves represent Types I, II, III, and IV, respectively. The typical MICP curves and pore throat distribution for each type are shown in Figure 13 . The pore space types and related petrophysical parameters for each type are listed in Table 3 . The type I reservoir has the largest porosity, permeability, median radius, and smallest displacement pressure. It has the best pore structure characteristic, while Type IV reservoir holds the worst pore structure characteristic. However, the average porosity of Type IV is larger than that of Type III. This may be attributed to the sample number of the two types being less than that of Types I and II. 
We carried out statistics on the oil production of different reservoir types. The reservoir type has a good correlation with productivity. For types I, the daily oil production is greater than 150 t. The daily oil production for types I and II are between 100 and 150 t, less than 100 t, respectively. Reservoir IV cannot produce oil. This proves the validity and reliability of reservoir classification. We carried out statistics on the oil production of different reservoir types. The reservoir type has a good correlation with productivity. For types I, the daily oil production is greater than 150 t. The daily oil production for types I and II are between 100 and 150 t, less than 100 t, respectively. Reservoir IV cannot produce oil. This proves the validity and reliability of reservoir classification.
Conclusions
In this study, taking the Carboniferous carbonate reservoirs in the middle blocks of the eastern margin of the Pre-Caspian Basin as an example, we investigated pore structure characterization, permeability estimation, and fractal characteristics. According to the observations, we made a classification for reservoirs. The following conclusions are obtained:
(1) The storage space of carbonate rocks in this study area is divided into three types: pores, fractures, and caverns. The main pore types are the intergranular pore, intergranular dissolution pore, and intragranular dissolution pore. The fractures can be divided into dissolution fracture, tectonic fracture, stylolite fracture, and grain cracks. The pore throats greater than 1 µm and lower than 0.1 µm account for 47.98% and 22.85% respectively, which suggests that the pore structure in the study area is relatively good. (3) Permeability ranges from 0.002 mD to 349 mD, and with a logarithmic mean value of 4.07 mD.
A permeability prediction model was established in a power-law form which incorporated porosity, Swanson parameter, and R 35 . The coefficient of determination between the predicted and core analysis permeability is 0.834, showing that the proposed model is effective and reliable. The proposed model could be applicable to other study areas. (4) Fractal dimension carried out based on MICP curves ranged from 2.29 to 2.77, with an average of 2.61. The pore structure parameters were not correlated with fractal dimension, indicating that the single fractal dimension could not characterize the pore structure characteristics. Multifractal analysis of the MICP data may be more suitable for pore structure investigation. (5) Combined with the pore types, MICP shape, and petrophysical parameters, the studied reservoirs were classified into four types: Types I, II, III, IV. Type I is the most favorable reservoir with daily oil production greater than 150 t, while Type IV is the worst reservoir and cannot produce oil. The good correlation between reservoir type and productivity demonstrates the effectiveness of the classification in this paper.
